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Abstract 
 
Inter-annual climatic variability over a large portion of sub-Saharan Africa is under the influence of the El Niño-
Southern Oscillation (ENSO). Extreme variability in climate is a threat to rural livelihoods in sub-Saharan Africa, 
yet the role of ENSO in the balance between supply and demand of net primary productivity (NPP) over this region 
is unclear. Here, we analyze the impact of ENSO on this balance in a spatially explicit framework using gridded 
population data from the WorldPop project, satellite-derived data on NPP supply, and statistical data from the 
United Nations. Our analyses demonstrate that between 2000 and 2013 fluctuations in the supply of NPP associated 
with moderate ENSO events average ±2.8 g C m-2 yr-1 across sub-Saharan drylands. The greatest sensitivity is in arid 
Southern Africa where a +1oC change in the Niño-3.4 sea surface temperature index is associated with a mean 
change in NPP supply of -6.6 g C m-2 yr-1. Concurrently, the population-driven trend in NPP demand averages 3.5 g 
C m-2 yr-1 over the entire region with densely populated urban areas exhibiting the highest mean demand for NPP. 
Our findings highlight the importance of accounting for the role ENSO plays in modulating the balance between 
supply and demand of NPP in sub-Saharan drylands. An important implication of these findings is that increase in 
NPP demand for socio-economic metabolism must be taken into account within the context of climate-modulated 
supply.  
 
Keywords: Sub-Saharan Africa, drylands, El Niño-Southern Oscillation, net primary productivity, climate 
variability. 
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1 Introduction  
Drylands cover more than half of sub-Saharan Africa and are characterized by a combination of 
low rainfall and high potential evapotranspiration that leads to low levels of soil moisture and net 
primary productivity (NPP) (Nicholson, 2011). In these regions, climatic variability is one of the 
most acute and widespread threats to the agro-pastoral systems that are inhabited by 60% of the 
population (IPCC, 2014). Most of sub-Saharan Africa has one rainy season (East Africa has two) 
that is modulated by large-scale ocean-atmosphere teleconnections. The largest of these, the El 
Niño-Southern Oscillation (ENSO), has been identified as a dominant factor that regulates inter-
annual photosynthetic activity in global drylands (Ahlström et al., 2015). The two extreme 
phases of ENSO, El Niño and La Niña, represent positive and negative departures, respectively, 
from long term mean sea surface temperatures in the central and eastern equatorial Pacific 
Ocean. El Niño generally brings dry conditions to parts of the Sahel and most of Southern 
Africa, and wet conditions to Eastern Africa, while La Niña is associated with approximately 
opposite conditions (Giannini et al., 2008). These dry or wet conditions are exacerbated in severe 
El Niño or La Niña events, causing droughts or floods that reduce the amount of NPP in a given 
area. The most recent example of the impact of a severe El Niño is the 2015/16 drought in 
Southern Africa, where the October 2015 – March 2016 rainfall was 75% below the 1982 – 2011 
average (FEWSNET, 2016).  The 2011/12 famine in the Horn of Africa exemplifies a confluence 
of risk factors, such as political instability, armed conflict and inaccessibility, exacerbated by a 
severe La Niña. The strong La Niña of 2010/11 (Supplementary Fig. 2) induced the failure of 
both the short rains in late 2010 and the long rains in mid-2011, causing collapses in both 
agricultural production and the associated labor market in Somalia (Maxwell and Fitzpatrick, 
2012).  
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NPP supplies the annual provision of crops, animal feed and pasture, and adds to annual 
increments of woody biomass (Running, 2012). The societal implications of reduced NPP can be 
severe and could lead to crop failure and eventual food insecurity (Battisti and Naylor, 2009). 
Sub-Saharan Africa has experienced a steep increase in demand for NPP in the 20th century, 
which is likely to continue rising as a function of population growth and per capita consumption 
(Fetzel et al., 2015). Furthermore, recent studies predict an 11.7% decrease in the productivity of 
major sub-Saharan crops (wheat, maize, sorghum and millet) by the 2050s (Knox et al., 2012), 
expansion of drylands, particularly in the Sahel, East and Southern Africa (Greve et al., 2014), 
and an increased frequency of severe ENSO events (Cai et al., 2015). Thus, the effects of 
extreme climatic variability could have drastic impacts on NPP supply and intensified by the 
need to keep pace with an increasing population (Campbell et al., 2014).  
 
Here, we adopt the concepts of “supply” and “demand” to demonstrate the linkage between 
ecosystem productivity, human livelihood, and inter-annual climatic variability in sub-Saharan 
drylands. As demand for food, feed and fuel drives land use change, the proportion of NPP 
required by humans relative to its supply (demand-supply ratio, DSR) could serve as an 
integrative benchmark of human dependence on ecosystems. We focus on ENSO and investigate 
its role in the balance between supply and demand of NPP in sub-Saharan drylands using a 
spatially explicit framework. We focus on the time period between 2000 – 2013 for NPP supply 
and 2000 – 2011 for NPP demand and DSR. The shorter time period for NPP demand and DSR 
is due to the fact that data on domestic supply quantities for several items, such as crops and 
woodfuel, were limited to 2011 at the time of writing. Our specific aims are to (1) quantify 
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trends in NPP supply and demand in sub-Saharan drylands for 2000 – 2011; (2) map the spatial 
variability of NPP and DSR anomalies during ENSO years for 2000 – 2011; (3) assess the 
relationship between ENSO and NPP supply for 2000 – 2013. 
 
2 Data and Methods 
2.1 Derivation of NPP supply  
The estimation of NPP supply was performed using the light use efficiency approach as defined 
in  Monteith (1972) and applied in the MOD17 algorithm of the moderate-resolution imaging 
spectroradiometer (MODIS) sensor on board the Terra and Aqua satellites: 
RaTVPDFPARPARNPPSupply −= )****( minmaxε    (1) 
where NPPSupply is the NPP available in the ecosystem regardless of land use type in grams of 
carbon per meter square per year (g C m-2 yr-1); PAR is incoming photosynthetically active 
radiation in megajoules per meter square per year (MJ m-2 yr-1); FPAR is the fraction of incident 
PAR absorbed by the vegetation canopy; εmax represents maximum light use efficiency, in grams 
of carbon per megajoule of PAR (g C MJ-1), under hypothetical biome-specific ideal conditions; 
VPD and Tmin are simple linear ramp functions of vapor pressure deficit and minimum 
temperature, respectively, which constrain maximum light use efficiency; Ra (autotrophic 
respiration) represents the amount of carbon respired, in g C m-2 yr-1, during maintenance and 
growth respiration of leaves, fine roots and woody tissue. Further descriptions of the MOD17 
algorithm are detailed in Zhao et al. (2011) and the dataset is available from the NASA Earth 
Observation System repository at the University of Montana 
(http://www.ntsg.umt.edu/project/mod17). NPP supply estimates were restricted to sub-Saharan 
Africa’s arid, semi-arid and dry sub-humid areas (Supplementary Fig. 1). 
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2.2 Niño-3.4 index and standardized anomalies  
We used the Niño-3.4 sea surface temperature index as a representation of ENSO. To 
differentiate between positive, negative and neutral ENSO years, we applied the threshold set by 
the National Oceanic and Atmospheric Administration. Accordingly, an ENSO year is 
characterized by a minimum of five consecutive 3-month running mean of the Extended 
Reconstructed Sea Surface Temperature version 3b (ERSST.v3b) anomalies in the Niño 3.4 
region based on a threshold of ±0.5ºC (Supplementary Fig. 2). The base period for computing the 
anomalies in ERSST.v3b is 1971 – 2000. To visualize differences in NPP between the three 
ENSO phases (El Niño, La Niña, Neutral), standardized anomalies (Z-scores) were calculated for 
NPP supply and DSR using equations 2 – 4. The ENSO cycle begins around July, peaks in 
December – February (of the following year), starts to decay in March – April, and enters the 
post-phase in May – June (Philippon et al., 2014). The monthly NPP supply anomalies reflect 
this July to June cycle and were summed to annual values spanning two calendar years (1999/00, 
2000/01, 2001/02, etc.). However, the data used to compute NPP demand are provided in single 
calendar years (2000, 2001, 2002, etc.). Therefore, DSR anomalies correspond to the years in the 
second half of the ENSO cycle to account for the lagged effect of the peak and decay phases of 
ENSO.  
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where, OBSNPP,t, MNNPP,t, SDNPP,t are the observed, mean, and standard deviation, respectively, 
of NPP supply, demand or DSR at time t.   
 
2.3 Derivation of NPP demand  
We define the term “consumption” as the actual amount of NPP extracted from the ecosystem as 
reported in the statistical database of the Food and Agriculture Organization of the United 
Nations (FAOSTAT, http://faostat3.fao.org/). The term “demand” is defined as the annual 
amount of NPP required by the sub-Saharan dryland population. Building on earlier work (Abdi 
et al., 2014), we developed a framework based on FAOSTAT to calculate demand for NPP 
(Supplementary Fig. 3). We downloaded data from 2000 to 2011 for the components of NPP 
demand for each country from the food balance sheets provided by FAOSTAT. However, 
contrary to Abdi et al. (2014), who used the total primary crop production of each country, we 
used domestic supply quantities to account NPP supply for domestic utilization.  
 
The first component of NPP demand is domestically consumed food (NPPfood). This category 
includes twenty-seven types of regionally important primary crops, which represent 95% of all 
those that are domestically consumed by most of the countries in the study area (Supplementary 
Table 2) (FAOSTAT, 2015). Additionally, meats sourced from six types of domestic animals 
(cattle, goats, sheep, pigs, camels, poultry) and two non-meat animal products (eggs and milk) 
(Supplementary Table 1) were also included.  
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where, P, I and E are produced, imported and exported quantities of crop type p, in year y; S is 
the variation (positive or negative) in the stocks of crop type p, in year y; D and C are the crop-
specific dry matter and carbon conversion coefficients, respectively; M is the wet carcass weight 
(i.e. without internal organs) of animal type a, in year y, and K is the dry matter intake required 
to produce that weight, in year y. We converted crop tonnage to carbon units using the 
conversion factors provided in Supplementary Tables 1 and 2. 
 
Livestock are assets in sub-Saharan Africa. Pastoralists and agro-pastoralists depend on livestock 
for nutritional value and economic growth. NPPfeed represents the total amount of animal feed 
required to sustain the livestock population of the region. 
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where, T is the Tropical Livestock Unit (TLU) for livestock type a, in year y; R is the annual dry 
matter requirement as provided in Supplementary Table 3. A ratio of 0.45 was used to convert 
dry matter into carbon.  
 
Crop residues (NPPresidues) refer to the parts of the crop that are left over in a field after harvest. 
Thus, they are not part of the crop yield (i.e. edible seeds, roots, fruits, leaves, or stalks) and vary 
according to crop type.  
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where, H is the residue factor (proportion of non-yield contributing crop phytomass) of crop type 
p, in year y. The residue factors applied in equation 7 are detailed in Supplementary Table 4.   
 
In most parts of the sub-Saharan Africa household energy demand is met by woodfuels 
comprising fuel wood and wood charcoal (NPPfuel) extracted from the region’s dry woodlands. 
The demand for woodfuels across sub-Saharan Africa is variable and ranges from 55% in 
Senegal (Pires, 2003) to over 91% in Malawi (Zulu, 2010), but on average it is approximately 
80% across the study area.  
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where, NC, CN and CH represent non-coniferous, coniferous and wood charcoal. Dry matter 
conversion ratios of 0.58 and 0.43 were applied to the non-coniferous and coniferous fuel wood, 
respectively, and a ratio of 0.45 to convert dry matter into carbon (Supplementary Table 5). 
Wood charcoal was directly converted to carbon content by applying a ratio of 0.75 
(Supplementary Table 5).  
 
Landscape fires, both natural and anthropogenic, play an important role in sub-Saharan dryland 
ecosystems. One of the anthropogenic applications of burning in sub-Saharan Africa is to expand 
cropland area (Andela and van der Werf, 2014). Consequently, the amount of NPP lost to 
support human demand for food is taken into account. NPPburned represents domestic human-
driven NPP loss resulting from burning of both forest and savanna resources. 
45.0×= ∑ yburned BNPP    (9) 
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where, B is the total amount of dry matter burnt in year y. The data are presented as dry 
matter content, therefore a ratio of 0.45 was used to convert dry matter into carbon.  
 
We did not assume a homogeneous per capita consumption within each country due to variations 
in diet, lifestyle and wealth between urban and rural populations in sub-Saharan Africa. Rather, 
we applied ratio factors for urban and rural consumption to national sums of each group of 
products based on statistics from peer-reviewed literature and national household consumption 
surveys (Supplementary Table 6).  
   Urban
burnedfuelresiduesfeedfoodurbandemand NPPNPPNPPNPPNPPNPP ++++=_    (10) 
   Rural
burnedfuelresiduesfeedfoodruraldemand NPPNPPNPPNPPNPPNPP ++++=_    (11) 
ruraldemandurbandemanddemand NPPNPPNPP __ +=      (12) 
 
We derived per capita NPP consumption by dividing rural and urban consumption values by 
each country’s rural and urban population. Grids of urban and rural consumption were then 
merged to produce a single map of total per capita consumption. We used gridded population 
data from the WorldPop project (http://www.worldpop.org.uk/) (Linard et al., 2012), which came 
in three time slices: 2000, 2005, 2010. We interpolated between these time slices using growth 
rates from the United Nations Population Division (http://esa.un.org/unpd/wpp/) and added an 
extra year, 2011, to coincide with the FAOSTAT data. We then used the gridded population data 
as a spatial surrogate to disaggregate per capita demand to grid cells for each year between 2000 
and 2011. The years 2012 and 2013 were not included because domestic supply data on food, 
feed and fuel from FAOSTAT were limited to 2011 at the time of writing. We distinguished 
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urban and rural areas by masking urban extent on the WorldPop grids based on the “Artificial 
Areas” category in the European Space Agency’s GlobCover 2009 land cover map 
(https://doi.pangaea.de/10.1594/PANGAEA.787668). 
 
2.4 Statistical analysis  
We tested the data (NPP supply, NPP demand) for temporal autocorrelation before identifying 
the presence or absence of trends because significant first order autocorrelation can inflate trend 
significance, leading to a Type I error. A two-sided Mann-Kendall trend test was then applied to 
evaluate the significance of monotonic trends in the supply and demand of NPP (Mann, 1945). 
The null hypothesis is that our supply or demand data are independent and randomly ordered; the 
alternative hypothesis is that the data possess a monotonic trend in one or more years in the time 
series. To account for non-normal distributions of the supply and demand of NPP, the 
nonparametric Theil-Sen estimate of slope was used to measure the magnitude of the linear trend 
(Wilcox, 2012). The null hypothesis is rejected if the test statistic is different from zero at the 5% 
level. Mean (µ) trends in supply and demand of NPP were calculated to facilitate comparison 
between different areas across the continent. To quantify the lagged response of NPP to ENSO 
forcing, we applied a lagged ordinary least squares regression to monthly NPP and Niño 3.4 
index time series. This was done by shifting the time series one month at each lag to a maximum 
of 12 months over the July – June ENSO lifecycle.  For the resultant monthly lags, we combined 
all significant pixels (P < 0.05) using absolute maximum value compositing (i.e. the highest 
absolute value is retained for each pixel location). We then partitioned the final image according 
to the GlobCover 2009 land cover types. Pearson’s product-moment correlation was used to 
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quantify the strength of the linear relationship between cropland NPP and FAOSTAT crop 
production data between 2000 and 2013. 
 
3 Results and discussion 
3.1 Trends of NPP supply and demand  
The linear trends of NPP supply and demand are presented in Fig. 1. NPP supply trends over 
2000 – 2013 are significant in 32% of the area (4.7 million km2). However, the trends are 
concentrated in three distinct areas: the western Sahel (µ = 2 g C m-2 yr-1, P < 0.05), central 
Africa (µ = 30 g C m-2 yr-1, P < 0.05) and parts of Zambia, Malawi and Mozambique (µ = -25 g 
C m-2 yr-1, P < 0.05) (Fig. 1 a). By contrast, trends of NPP demand over 2000 – 2011 are 
significant in 48% of the area and roughly evenly distributed (Fig. 1 b). The mean overall trend 
of NPP demand is 3.5 g C m-2 yr-1, though in urban areas it averages approximately 50 g C m-2 yr-
1. The tradeoffs between NPP supply and demand trends (i.e. change in one quantity relative to 
another) are locally constrained and linked to the prevailing climate, population growth and net 
migration. For instance, in the region of Sikasso in southern Mali, the trend of NPP supply 
averages 10 g C m-2 yr-1 (Fig. 1 a-1) and that of demand is 1 g C m-2 yr-1 (Fig. 1 b-1). This region 
is agriculturally productive and exhibits positive NPP supply anomalies during La Niña (Fig. 2 
b). The low trend in NPP demand is surprising because the population of Sikasso grew 3.9% a 
year between 2000 and 2011 (FAO, 2013). This paradox of high land productivity, rapid 
population growth and low demand for NPP could be a sign that the population is not consuming 
adequate amounts of food, feed and fuel. Indeed, Eozenou et al. (2013) found that 45% of the 
population of Sikasso is classified as “food poor” (i.e. per capita consumption is below the food 
poverty line) and 19% are chronically malnourished. Therefore, it is apparent that, despite 
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favorable climatic conditions, agricultural revenues from cotton, the main export crop grown in 
Sikasso, are insufficient to remove a majority of the region’s population out of poverty.  
 
In recent years, major urban areas in sub-Saharan Africa have experienced influxes of economic 
migrants due to increased investment in infrastructure development (Cheung et al., 2012). 
Perhaps the best example of this phenomenon is Addis Ababa, Ethiopia. Here, population grew 
by 40% between 2000 and 2010 driven by economic migration from other parts of the country 
(Adugna and Hailemariam, 2011; Moller, 2012). Consequently, the observed average trend in 
demand for NPP in the Addis Ababa metropolitan area was 153 g C m-2 yr-1 for 2000 – 2011 
(Fig. 1 b-2), the highest in sub-Saharan Africa. The observed decrease in NPP supply in the 
vicinity of Addis Ababa over 2000 – 2013 (Fig. 1 a-2) could be linked to the rapid growth of the 
city. Itannam and Olsson (2004) found that urbanization and industrialization resulting from 
Addis Ababa’s rapid expansion contributed to land degradation in surrounding agricultural areas. 
This adversely affects the livelihoods of farmers prompting further economic migration into the 
city (Abdissa and Degefa, 2011). Several La Niña events in the latter half of the analysis period 
(2007/08, 2008/09, 2010/11) could have further contributed to the observed decrease in NPP 
supply around Addis Ababa. The impact of ENSO on seasonal rainfall in Ethiopia, and natural 
hazards associated with strong ENSO, particularly La Niña events, are well documented 
(Korecha and Sorteberg, 2013). La Niña years are correlated with decreased rainfall during the 
February – May rainy season , potentially extending the November – January dry season through 
to June (Korecha and Sorteberg, 2013; Reda et al., 2015). Furthermore, strong La Niña events 
induce intense rainfall during the main June – September rainy season, causing floods and 
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subsequent loss in agricultural productivity (Korecha and Barnston, 2007; Wolde-Georgis, 
2002).  
 
In Malawi, approximately 45% of the population lives in the southern part of the country (van 
Vuuren et al., 2011), where the vicinity of the country’s second-largest city, Blantyre, has 
experienced an overall decrease in NPP supply (-11  g C m-2 yr-1, Fig. 1 a-3) over 2000 – 2013 
and an increase of NPP demand (0.80 g C m-2 yr-1, Fig. 1 b-3). The supply of NPP in this region 
is highly sensitive to ENSO events (Fig. 2 a, b) with a net negative impact. This means that the 
negative correlation the region has with El Niño outweighs its positive correlation with La Niña 
(Supplementary Fig. 4). The strong El Niño of 2015/16 reduced the October 2015 – February 
2016 rainy season to its lowest level since 1981 (FEWSNET, 2016). This severe drought 
condition caused below average crop production leading to low earnings from agricultural labor 
and high food prices (FEWSNET, 2016).  
 
3.2 ENSO in relation to NPP supply and DSR  
The standardized anomalies of NPP supply and DSR in El Niño (2002/03, 2004/05, 2006/07, 
2009/10), La Niña (1999/00, 2000/01, 2005/06, 2007/08, 2008/09, 2010/11) and neutral 
(2001/02, 2003/04) phases are presented in Fig. 2. Southern Africa shows the largest contiguous 
region of negative NPP supply anomalies during El Niño (Fig 2 a), and consequently also shows 
the largest positive DSR anomalies (Fig 2 d). Demand for NPP is coupled to population growth 
and consumption patterns, but it is not linked to, not does it change with, ENSO phases. 
Consequently, when NPP supply is reduced by El Niño, NPP demand increases relative to it, 
causing positive DSR anomalies. The opposite effect can be seen during La Niña, when NPP 
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supply anomalies in southern Africa are positive and DSR anomalies are negative. Negative NPP 
supply anomalies during La Niña are concentrated around equatorial East Africa resulting in 
positive DSR anomalies (Fig. 2 b, e).  
 
The response of NPP supply to ENSO in the Sahel, East and Southern Africa is shown in Fig. 3. 
The greatest sensitivity occurs in the mainly arid region of Southern Africa (Supplementary Fig. 
1). Here, a +1oC shift in the Niño 3.4 index causes a mean change in the NPP supply of -6.6 g C 
m-2 yr-1. El Niño events in Southern Africa are associated with dry conditions, while La Niña 
events are associated with wet conditions. Most land cover types in Southern Africa exhibit 
negative NPP supply values relative to changes in the Niño 3.4 index (Fig. 3). The exceptions, 
with either the median value or a large number of positive outliers, are the region’s forests and 
woodlands that are adapted to prolonged dry seasons or droughts, and possess physiological 
mechanisms such as extensive roots allowing efficient deep water access or are drought 
deciduous (i.e. the trees lose leaves to conserve water) (Nicholson, 2011). Despite the fact that 
there were more La Niña events than El Niño events between 2000 and 2011, the negative 
impact of El Niño on Southern Africa is strong enough to tip the balance toward the negative 
(Supplementary Fig. 4). This sensitivity, coupled with a 1.3 g C m-2 yr-1 trend in NPP demand, 
increases demand relative to available supply (Fig. 4 a and b). This is troubling because the 
difference in NPP supply in Southern Africa between El Niño and La Niña years corresponds to 
what is required to feed  approximately 15 million people for one year (Stige et al., 2006).  
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3.3 Demand-supply balance of NPP in food producing regions  
Food production in sub-Saharan drylands is almost entirely dependent on rain-fed agriculture 
(You et al., 2011). The median response of NPP supply in rain-fed croplands to a +1°C change in 
the Niño 3.4 region is -2 g C m-2 yr-1 in the Sahel, 3 g C m-2 yr-1 in East Africa, and -7 g C m-2 yr-1 
in Southern Africa (Fig. 3). Average DSR within rain-fed croplands is high (µ = 0.9±0.1), with a 
large spatial variability (Fig. 5 a). In Sahel, East and Southern Africa NPP, demand in croplands, 
which also includes associated villages and settlements, has been increasing at a rate of 1.35% 
per year (P < 0.001), while supply has been marginally decreasing at a rate of 0.2% per year (P = 
0.65) (Fig. 5 b).  
 
These observations reinforce reports of persistent undernourishment in sub-Saharan Africa as 
approximately 90% of consumption comes from domestic production (Barrett and Upton, 2013). 
Rain-fed croplands occupy most of the agricultural landscape in sub-Saharan drylands and 
domestic crop production is strongly linked to cropland NPP (Supplementary Fig. 5). In sub-
Saharan drylands, increases in crop production are generally achieved by expanding agricultural 
land through savanna burning, the spatial patterns of which are determined by the ENSO-
controlled rainfall regime (Andela and van der Werf, 2014). However, despite observed 
increases in cropland extent in several parts of the continent, yields per unit area for major food 
crops remain low (Bekunda et al., 2010). Additionally, variability of crop yields in several parts 
of sub-Saharan Africa can be attributed to ENSO. For example, 64% of the yield variability of 
maize in Zimbabwe could be accounted for by ENSO with yield predictions up to a full year 
before harvest (Cane et al., 1994). Considering these challenges, increasing crop yield means 
increasing resilience of croplands to the impact of ENSO and other stressors through accurate 
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forecasting and improved land and water management strategies. Water management in 
particular is vital for crop production and is one of the most important factors required to 
improve livelihoods in sub-Saharan dryland agro-ecosystems (Sissoko et al., 2011).  
 
NPP supply deficiency is exacerbated in sub-Saharan drylands by large-scale, trans-national land 
acquisitions, whereby investors from countries rich in financial capital purchase or lease land 
from developing countries for the production of goods (Seaquist et al., 2014). These deals often 
involve projects that maximize crop yield in purchased land using expensive technologies 
providing crops, biofuel feedstock and wood charcoal to markets outside the region of 
production (Seaquist et al., 2014). The 1.3 million km2 of reported deals deplete household 
income from agricultural production and lead to the displacement of communities (Zetland and 
Möller-Gulland, 2013). Consequently, DSR increases as the consumable supply of NPP is 
reduced and local resources are depleted to satisfy demand elsewhere (Yengoh and Armah, 
2015). This external demand for productive land is also an important driver of land degradation 
and deforestation. Land is acquired to provide maximum return on investment, and thus it is 
often intensively managed through year-round planting, and excessive use of pesticides and 
inorganic fertilizers, all factors that contribute to land degradation (Robertson and Pinstrup-
Andersen, 2010). The negative effects of deforestation are particularly pronounced in East 
Africa, where 91% of the region exhibits an increasing DSR trend (µ = 0.12±0.10). Rural 
household energy in East Africa is largely satisfied by wood fuels with around 90 million people 
living in areas where demand is high and wood harvest unsustainable (Bailis et al., 2015). In 
countries where there is little or no government regulation the exploitation of local NPP supply 
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to meet external demand is unrestricted. For example, demand for wood charcoal in the Persian 
Gulf countries drives a 1.4% annual loss of tree cover in Somalia (Bolognesi et al., 2015).  
 
3.4 Limitations  
Although DSR provides an indicator of pressures exerted on ecosystem services at large scales, it 
must be used in combination with other data. This is particularly important at local scales where 
coarse resolution data cannot capture critical biophysical and socio-ecological processes that 
occur at higher resolutions. A possible limitation in our approach is the reliance on FAOSTAT 
data to estimate NPP demand. FAO has traditionally relied on the quality of data provided by 
national statistical institutions with minimal quality control. However, in recent years the agency 
has been taking steps through its regional offices to intensify data control and harmonize 
collection, processing and dissemination with various national partner agencies (FAO, 2011). 
The quantification of human vulnerability to food insecurity is complex and metrics such as 
those provided by FAOSTAT have been criticized for being poor predictors (Barrett, 2010). We 
addressed this critique by: (1) using household consumption surveys to apply appropriate ratios 
distinguishing between per capita urban and rural consumption for each component of NPP 
demand, and (2) spatially constraining these ratios to gridded population data.  
 
4 Conclusions  
In this paper we focused on the El Niño-Southern Oscillation (ENSO) and its impact on the 
balance between supply and demand of net primary productivity (NPP) in African drylands. Our 
analyses demonstrated that fluctuations in the supply of NPP associated with a +1°C change in 
the Niño 3.4 region average -2.8 g C m-2 yr-1 and population and socioeconomic-driven trend in 
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NPP demand averages 3.5 g C m-2 yr-1. The combination of reductions in supply and increases in 
demand lead to a 7.2% increase in the demand for NPP relative to its supply. Our findings 
highlight the role played by ENSO and population growth in modulating the balance between 
supply and demand of NPP in sub-Saharan drylands. Our findings also emphasize the importance 
of accounting for this balance, which has so far been overlooked in climate impact studies.  
 
Humans rely directly on the supply of NPP through the consumption of crops and use of wood 
for fuel and construction, and indirectly through animal products. This reliance creates demand 
that drives many of the ecological changes occurring in sub-Saharan drylands. Evaluating the 
socio-ecological impact of ENSO and other large-scale ocean-atmosphere teleconnections 
through isolated disciplinary analysis provides monocular views of a complex system that 
requires an integrated approach. Moreover, several of the factors that influence the balance 
between supply and demand, such as population density and consumption patterns, are 
dependent on scale. Sociological data, such as surveys at the household (or even individual) 
level, which provide valuable information about fine-scale patterns of human-ecosystem 
interaction, are seldom integrated with biophysical datasets. Thus, a comprehensive, 
interdisciplinary approach is required to further assess the factors driving this complex balance in 
the wake of climate change. Only through interdisciplinary analysis involving enhanced 
synthesis of both biophysical and socio-ecological data can we make improved assessments of 
the impacts of climatic variability on human livelihood and wellbeing. 
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FIGURE CAPTIONS 
 
Fig. 1 Linear trends in NPP supply (2000 – 2013) and demand (2000 – 2011). NPP supply (a) 
and NPP demand (b). Detail showing pixel-level supply and demand trends for different urban 
and rural areas in sub-Saharan Africa: (1) the agricultural region of Sikasso in southern Mali, (2) 
the Addis Ababa metropolitan area, and (3) southern Malawi within the vicinity of the city of 
Blantyre. Since the units of NPP supply are generally denoted as quantity per unit area per unit 
time, and demand generally represents NPP required by the inhabitants in each pixel, we divided 
each NPP demand pixel in b by its area to facilitate comparability. Grey areas indicate both 
statistically insignificant (P > 0.05) and areas outside the study region 
 
Fig. 2 Standardized anomalies (2000 – 2011).  Standardized anomalies for NPP supply (a, b, c) 
and demand-supply ratio (d, e, f). Means were calculated for El Niño (a, d), La Niña (b, e) and 
neutral years (c, f). For each panel, the anomaly indicates the number of standard deviations an 
observation is above or below the mean. The ENSO cycle typically straddles two calendar years, 
beginning around July, with a peak in December – February, and begins to decay in March – 
April of the following year. The monthly NPP supply anomalies reflect this cycle and were 
summed to annual values. Since the FAOSTAT data is provided in calendar years, the DSR data 
reflects that nomenclature. Accordingly, DSR anomalies shown here represent the latter half of 
the ENSO cycle, e.g. for the ENSO-neutral years of 2001/02 and 2003/04, the corresponding 
DSR anomalies are the years 2002 and 2003. Grey areas are outside the study region 
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Fig. 3 Relationship between ENSO and NPP supply (2000 – 2013). Change in NPP supply per 
GlobCover land cover class relative to a +1°C change in the Niño 3.4 index anomaly for 2000 – 
2013 (n = 7,927). Despite the general response of each region to change in the Niño 3.4 anomaly, 
the presence of a large number of outliers in certain land cover classes could mean that there are 
underlying physiological adaptations (e.g. water-storing and/or deep roots systems, drought 
deciduous, etc.) that surmount the impact of climate 
 
Fig. 4 Trend in DSR and its correlation with ENSO (2000 – 2011). (a) Annual trend of the 
demand-supply ratio expressed as percent across sub-Saharan drylands; (b) Spatial pattern of the 
correlation between DSR and the Niño-3.4 sea surface temperature index. A positive DSR-Niño 
3.4 index correlation signifies decreasing NPP supply relative to demand as Niño 3.4 index 
values increase (i.e. anomalously warm conditions in the central equatorial Pacific). Negative 
DSR–Niño 3.4 index correlation means increasing NPP supply relative to demand as Niño 3.4 
index values increase. Demand for NPP is always increasing and parallels the rate of population 
growth. The error bars represent standard error of the mean 
 
Fig. 5 NPP supply and demand trends in food-producing areas (2000 – 2011). (a) Spatial 
pattern of cropland demand-supply ratio expressed as percent. The dashed boxes denote the high 
aridity regions of the Sahel (a1), East Africa (a2) and Southern Africa (a3). See Supplementary 
Fig. 1 for the regional aridity map; (b) Mean annual trend in NPP supply and demand over 
cropland areas in the Sahel, East and Southern Africa. The error bars represent standard error of 
the mean 
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SUPPLEMENTARY INFORMATION 
 
Derivation of the aridity index  
For each year between 2000 and 2013 we calculated an aridity index (AI) from the ratio between 
annual rainfall data from the Climate Hazards Group InfraRed Precipitation with Station data 
(Funk et al., 2014) (http://chg.geog.ucsb.edu/data/chirps/) and satellite-derived potential 
evapotranspiration from the MOD16 project (Mu et al., 2011) 
(http://www.ntsg.umt.edu/project/mod16). Arid (ARD, 0.05<AI<0.20), semi-arid (SARD, 
0.20<AI<0.50), and dry sub-humid (DSH, 0.50<AI<0.65) areas were delineated. Altogether, 
drylands cover 14.7 million km2 of Africa (Supplementary Fig. 1).  
 
Disaggregation of annual NPP supply to monthly intervals 
The MODIS data used are provided as monthly satellite-derived GPP (MOD17A2) and annual 
NPP (MOD17A3) at the same spatial resolution. We multiplied monthly GPP with the 14-year 
(2000 – 2013) mean NPP/GPP ratio to get an estimate of monthly NPP: 
20132000−



×=
GPP
NPPGPPNPP monthlymonthly    (1) 
To test whether our derived monthly NPP supply data were within reasonable values, we 
aggregated them into annual sums, and compared them against the MOD17A3 product using root 
mean square error (RMSE) and mean absolute error (MAE). The monthly NPP derived using this 
approach had mean RMSE and MAE of 32 gCm-2yr-1 and 27 gCm-2yr-1, respectively 
(Supplementary Fig. 6). Since the purpose of temporally disaggregating annual MOD17A3 data 
to monthly time steps was to compare it to the monthly Niño-3.4 index, we find these error 
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estimates to be acceptable as they are lower than errors associated with other large-scale primary 
productivity estimates e.g. Jung et al. (2011) and Maselli et al. (2006). 
 
Calculation of cropland NPP and crop production statistics  
A detailed cropland mask (ftp://mars.jrc.ec.europa.eu/Public/cropmask) developed at the Joint Research 
Centre of the European Commission (Vancutsem et al., 2012) was used to quantify NPP 
anomalies within rain-fed croplands in sub-Saharan drylands. Compared to existing crop maps, 
this dataset has a larger agreement with a high-resolution validation sample in areas where 
cropland represents more than 30% of a pixel. Pearson’s product-moment correlation exhibited a 
strong relationship between log-transformed cropland NPP and primary crop production between 
2000 and 2013 (Pearson’s r = 0.54, P < 0.01) (Supplementary Fig. 5). Only cropland found in the 
arid, semiarid and dry subhumid areas were considered (Supplementary Table 7).  
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Supplementary Table 1. Conversion rates of products derived from food-producing animals. A 
ratio of 0.45 was used to convert dry matter requirement into carbon.  
 
Type 
Dry Matter 
Requirement  
(Kg) 
Reference 
Beef 6.5 Bradford (1999) 
Camel 12 Eltahir et al. (2011) 
Eggs 4 Haberl et al. (2007) 
Milk, whole 1.5 Hutjens (2005) 
Mutton/Goat 6.3 Karim et al. (2002) 
Pigmeat 8.5 Wirsenius (2000) 
Poultry 5.5 " 
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Supplementary Table 2. Dry matter and carbon content of the 27 types of crops selected for 
inclusion into the consumption module. 
 
Crop 
Dry Matter 
Content  
(%) 
Carbon  
Content 
(%) 
Reference 
Bananas 35 45 IIASA/FAO (2012) 
Barley 88 47 Pradhan et al. (2013) 
Beans, dry 90 47 “ 
Cassava 38 44 “ 
Cereals, other 85 47 “ 
Dates 15 45 “ 
Fruits 15 45 Goudriaan et al. (2001) 
Grapes 15 45 Pradhan et al. (2013) 
Groundnuts 95 60 IIASA/FAO (2012) 
Maize 85 49 Goudriaan et al. (2001) 
Millet 88 48 “ 
Onions, dry 15 45 Pradhan et al. (2013) 
Oranges 15 45 “ 
Plantains 35 45 “ 
Potatoes 25 44 Goudriaan et al. (2001) 
Pulses 90 47 “ 
Rice 88 48 “ 
Roots/tubers 30 44 Pradhan et al. (2013) 
Sorghum 88 48 Goudriaan et al. (2001) 
Soybeans 92 52 “ 
Sugar beet 21 44 “ 
Sugar cane 27 48 “ 
Sweet potatoes 30 44 IIASA/FAO (2012) 
Tomatoes 15 45 Pradhan et al. (2013) 
Vegetables 13 46 Goudriaan et al. (2001) 
Wheat 87 47 IIASA/FAO (2012) 
Yams 35 44 Pradhan et al. (2013) 
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Supplementary Table 3. Conversion factors derived from FAOSTAT (2015); Houerou and 
Hoste (1977); Jahnke (1982). For each livestock type to its equivalent tropical livestock unit and 
the annual amount of dry matter feed each type requires for maintenance.  
 
Livestock 
Type 
Tropical Livestock 
Unit Equivalent 
Annual Dry 
Matter 
Requirement  
(Kg) 
Camels 1.00 2372 
Cattle 0.70 1660 
Chickens 0.01 23.72 
Goats 0.10 237 
Pigs 0.20 474 
Sheep 0.10 237 
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Supplementary Table 4. Residue factors for selected crops derived using data from Haberl et al. 
(2007) and Wirsenius (2000). Residue factors are the proportion of total crop phytomass that 
does not contribute to the crop yield. The inverse of the residue factor is the harvest index.  
 
Crop Residue Factor 
Bananas 0.45 
Barley 0.65 
Cassava 0.80 
Cereals, other 0.60 
Dates 0.85 
Fruits 0.85 
Grapes 0.85 
Groundnuts 0.60 
Maize 0.78 
Millet 0.80 
Oranges 0.85 
Plantains 0.45 
Potatoes 0.50 
Pulses 0.40 
Rice 0.60 
Roots and tubers 0.50 
Sorghum 0.78 
Soybeans 0.60 
Sugar beet 0.70 
Sugar cane 0.40 
Sweet potatoes 0.50 
Wheat 0.70 
Yams 0.50 
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Supplementary Table 5. Conversion factors for different types of woodfuels. FAOSTAT 
provides non-coniferous and coniferous fuel wood in cubic meters, while wood charcoal is given 
in tonnes of dry matter.  
 
Wood fuel 
Type Conversion Type 
Conversion 
Factor Reference 
Non-coniferous 
fuel wood m
3  dry matter 0.58 Brown (1997), Penman et al. (2003) 
Coniferous  
fuel wood  m
3  dry matter 0.43 Brown (1997), Penman et al. (2003) 
Wood charcoal dry matter  carbon 0.75 Girard (2002) 
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Supplementary Table 6. Sources of the ratio factors for urban and rural consumption of the 
components of NPP demand. 
 
Urban/Rural 
Consumption Reference 
Peer-reviewed 
Literature  
Hartter and Boston 
(2008), Marufu et 
al. (1997), 
Reardon (1993), 
Teklu (1996) 
National Household Consumption 
Surveys 
Burundi INSEE (2001) 
Ethiopia Tafere and Worku (2012) 
Ghana Ghana Statistical Service (2008) 
Malawi NSO (2012) 
Nigeria Maziya-Dixon et al. (2004) 
Sudan 
Food Security 
Technical 
Secretariat (2010) 
Zambia CSO (2012) 
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Supplementary Table 7. Annual dry cropland NPP and FAOSTAT crop production for 2000 – 
2013 in the descending order of cropland area. Annual NPP was extracted from croplands within 
arid, semi-arid and dry subhumid zones. 
 
Country Dry Cropland NPP, (TgC) 
Crop Production, 
(Mt) 
Dry Cropland area,  
(km2) 
Congo, DRC 250 49 305,755 
Tanzania 210 58 288,980 
Sudan 44 45 286,990 
Nigeria 28 340 190,815 
Ethiopia 116 76 185,481 
Zambia 115 14 161,100 
South Africa 100 117 158,365 
Mali 18 21 146,057 
Niger 8 21 128,857 
Chad 18 11 124,077 
Mozambique 82 29 115,060 
Burkina Faso 16 19 111,952 
Zimbabwe 57 12 111,441 
Botswana 39 0 105,597 
Angola 64 31 90,359 
Uganda 96 55 87,863 
Kenya 63 39 85,870 
Malawi 36 30 57,776 
Somalia 11 3 56,633 
Senegal 9 10 42,616 
Namibia 16 1 39,378 
Cameroon 7 36 37,942 
Ghana 10 57 32,735 
Ivory Coast 10 34 21,263 
Burundi 18 10 19,580 
Rwanda 17 17 17,312 
Eritrea 1 1 16,559 
Guinea 4 17 16,473 
Central African Republic 7 4 14,818 
Benin 3 19 14,685 
Lesotho 3 1 7,037 
Gambia 1 1 5,385 
Togo 1 8 5,031 
Swaziland 5 6 4,727 
Guinea Bissau 1 2 4,506 
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Supplementary Fig. 1. Aridity zones delineated from the ratio between annual rainfall and 
potential evapotranspiration. The boxes represent the three main high-aridity regions of the Sahel 
(1), East Africa (2) and Southern Africa (3).  
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Supplementary Fig. 2. Classification of ENSO years according to the NOAA the specification 
of  a minimum of five consecutive 3-month running mean of the Extended Reconstructed Sea 
Surface Temperature version 3b (ERSST.v3b) anomalies in the Niño 3.4 region based on a 
threshold of ±0.5ºC. Red and blue lines denote El Niño and La Niña thresholds, respectively. 
Each yellow dot symbolizes a 3-month running mean. Note that, though included in the analysis, 
the 2005-2006 and 2008-2009 La Niña events were comparatively weak and short-lived, thus 
some definitions may not characterize them as an ENSO events. In both years negative sea 
surface temperature (SST) anomalies across the central and east-central equatorial Pacific Ocean 
met the threshold of -0.5ºC for exactly five consecutive 3-month periods (October-November-
December to February-March-April).  
Data source: http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears_ERSSTv3b.shtml  
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Supplementary Fig. 3. A visual representation of the framework for estimating demand for 
NPP.  
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Supplementary Fig. 4. The output of maximum value compositing showing positive (a) and 
negative (b) correlations of ENSO and NPP supply. This represents change in NPP supply 
relative to a +1oC change in the Nino3.4 anomaly for 2000 – 2013.  
 
Supplementary Fig. 5. Correlation between log-transformed dry cropland NPP and FAOSTAT 
annual crop production for 2000 – 2013. Each data point represents a country listed in Extended 
Table 2 and the crop data is an aggregate of the 27 crop types listed in Supplementary Table 1S.  
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Supplementary Fig. 6. Mean RMSE (a) and MAE (b) of annual aggregates of monthly NPP 
estimates compared to the MOD17A3 annual NPP product. The mean RMSE and MAE for all 
dryland regions were 32 gCm-2yr-1 and 27 gCm-2yr-1, respectively.  
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